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Cell-Cycle-RelazedBiosynthesis-

In 1963, Mazia proposed a speculat+.vemodel in which the struc-

ture of chromatin was envisioned to exis~ in a state of continuous

flux throughout the entire maoznaliancell cycle, interphase as we’ll

as mitosis. Among a varisty of possibilities, the sotion of a

dynamic “chro-some cycle” 6uperimp..edon the divisian cycle was

attractive since it protided one potential avenue fcr modulating

control of cell-cycle events. That is, chromatin structure might

dictate in part the types of physical and chemical interactions

allowable within che genome at anb given stage of che sell cycle

(e.g., accessibilityof DNA polymerases to initiation sites during

S phase, etc.). Furthermore, the state of chromatin might affect

the nature of int~ractions between DNA and chemotherapeuticagents

which depand upon covalent bond formation or intercalation for

activity.

With these considerationsin mind, the state of chromatin dur-

ing the cell cycle was examined utilizing synchronized cultures of

line CHO Chinese hamster cells. Results described in this report

support Mazia’s dynamic chromosome cycle model (Mazia 1963) and

furth~r indicate that DNA-inter.sctivcchcnmthcrapeuticagents

elicit dif2erent types of klnetlc responses in treated cells, per-

haps auggcsting a degree of specificity of interaction between

various nl.kylatingand intercalatil.gagents and the genoma.
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CELL-CYCLE-SPECIFICCIIJUNGESIN CHROMATIN ORGANIZATION: STUDIES

iIJITHSARKOSYL CRYSTALS

If the structure of chromatln does indeed vary thxaughout

interphase and mitosis, then chemical probes which interact with

components of chromatin should register quantitative differences in

reactivity at various stages of the cell cycle. Conversely, a

static chromat-~ristructure should result in a uniform degree of

reactivity throughout the entire cell CYCIS. To distinguish be-

tween these possibilities,a series of studies was initiated in

which “sarkosyl” crystais were employed to probe the organization

of chromatin in synchronized populations of CHO cells. The crystals

formed by the interactionof scdium lauroy.1sarcosinate with MgCl,
,.

may he utilized to measure specific a~sociations between DN.iand

lipid-proteincomplexes in.whole cells or nuclei (Trembiay et al.—.

1969; Halloakaand Yamada 1971; Hildebrand and Tobey 1973). Bio-

chemically, these complexes may be radic~ctivelylabeled with

thymidine, choline, or amino acids. They are ucsist~nt to ribo-

nuclease but sensitive to treatment with deoxyribonuclease,Pro-

nase, sodium dodecyl sulfate, or tempera~ures in excess of 37%’.

Less than 10% of the DNA in these sarkosyl complcnes is attrib-

utable to non-specific entrapment (Hildebrandand Tobey 1973).

Once it was established that the crystal complexes were mess.

uring specific biochendcal iilteractions,the next step was to

quantitate the amount of complex-boundDNA available for inter-

action in sarkosyl crystals at varying stages :7 the CC1l cycle.

14
Cells prelabeled with C-thymidine were resuspended in label-free
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msdium following mitotic selection and, at varying timee after

Bynchronjzation,the aqount of old DNA associated with the crystals

was determined for whole cells or nuclei (Hildebrandand Tobey

1973). The results (Figure 1A) Ir,dicatethat a small anmunt of DNA

wae complexed to lipid-protein fragments even during dt~ai~ and

early Cl. However, the amount of DNA in sarkosyl crystals increased

dramaticallyduring G,, commencing 2 hours prior to entry into S
&

phase.

Because of a naturally occurring loss of

ing procedure was emplGyed to study events in

Figure 1

synchrony, the follow-

late interphase.

Cells wlch preldbeled DNA were first synchronized by mitotic selec-

tion, Lhen as the cells were traversingGl, hydroxyurea was added,

yielding a population desynchronizednear the G1/S boundary.

Following resuspension in drug-free medium, the cells traversed S

and G2 in a highly synchronous fashion. The results in Fifime lB

indicate that the amount of DNA associated with the sarkosyl cxys-

tals was initially riL a high level, then increased sharply when the

cells were icle~sed from hydrnxyurea blockade and allowed to traverse

late interphase (Hildebrandand Tobey 1973). The level of DNA in

aarkosyl crystals began to c!rapdurlq-jlate interphase and fell off

dramatically at about tlw time the cells began dividing. The data

in Figure 1 suggest a non-static usscciation of DNAwith lipophilic

nuclear structures and support the notion of a dynamic “chromosome

cycle.”

..
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CELL-CYCLE-SPECIFICCHANGES IN CHROMATIN ORGi.NIZAiION: STUDIES

WITH HEPARIN

To provide an independent measure of chromstin str:lct!lral

changes during the cell cycle, a study was initiated (Hildebrand

and Tobey 1975) with the natural polyanion, heparin, an agent

which interacts predominantlywith the histone component of chro-

matin (Arnold et al. 1972>. Treatment of i~!)latednuclei with

heparin causes historiesto be renwed from chrcvustinin a well-

iefined sequence, with lysine-rich histone fl released preferen-

tially (Hildebrandet al. 1975). Concodtant with the heparin-
.—

mediated remval of histories,t!:eDNA is released in a highly

recondensed state (Arnob? et al. 1972; Berlovitz et al. 197?;

Hildebrand et al. 1.5;5). Therefore, chmges in the awunt of

heparin requjred to release a given aumunt of recondensed DNA in a

epeciflcd ti- ~~riad presumably reflect alterations in the orgzn-

izstion of ch~o-tin.

Cell-cycle studies were initiated w~.thcultures af cells with

preiabsled DNA which were synchronizedby mitotic selection (Hilde-

brand and Tobey 1975). A8 the cells were traversing early inter-

phase, aliquots I..~rereumve.d,and the concentration of hcparin

required to rele:>se50% ~f the DNA

period was determined (Figure 2A).

~. into S phase, the rcsietance to

during a five-minute incubation

As the cells progressed through

hepar+e-uied~atedrelease of de-
A

condensed DNA

qu.~ntitiesof

DNA).

increased steadily (i.e., progressively greater

hepaxin were required to achieve release of 50% of the

Fi~urc 2
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This resistance continued increasing crlroughinid-and late-

interphasc in populations synchronized first by mitotic selection,

then desynchronizedwith hydroxyurea (Figure 2B). At the time the

cells b~gan dividing, the level of heparin required to release the

DNA drepped precipitously. Thus, experimentswith two different

probes yield the same general conclusion: the organization of

chromacfn varies at different stages of the cell cycle.

VARIABILITY OF ARREST SITE IN POPULATIONS TREATED WITH CHEMO-

THERAPEUTICAGENTS WNICH INDUCE CELL ACCUMULATION IN G2

A number of chemical agents which interact with DXA can induce

virtually the entire complement of cells in susceptible populations

to arrest in G2 (Bhuyan 1970; Shirakawa and Trei 1970; Barranco and

Humphrey 1971; Tobey 1975; Tobey et al. 1975). Since many of these

agents presumably rely upon alkylation or intercalation for activity,

one might expect cells treated with such agents to respond in a

generally similar fashion, implying a relatively li~,-~pccifictype

of interaction between the agents and the genome. In regard to

kinetic response, one might predict a single point of arrest within

G2 for a variety of such agents in the event of a non-specific

interaction. [Note that a variety of nutritional stresses induces

cultured :ells to arrest a“ a stng,l.elacale within G
1’

a site

designated the “restriction point!’by Paroleeand associates (Parolee

et al. 1974)]. Altcrm lvely, the obscrvatj.onof a ~pe:trum of

unique arresting points in G2 might iUpL:’a degree of specificity

of Interaccl.cmbetueeu individual agents and nuclear DNA.

..
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Techniques of cell-cycle analysis may be utilized to reveal the

precise stage within the division cycle at which progres~ion

capacity is lost in cells treated with inhibitory age,its. In expo-

nentially growing cultures treated with inhibitors, the time between

addlc~-m of drug and change in division i=~a deter.illes:ks time in

the cell cycle preceding division -- the N/Gl boundary -- ai which
..

the agent inhibited progression. Cells at a stage beyond this tem-

poral marker at the time of drug a,lditioncontinue on through the

cell

from

from

with

cycle and divide, while cells at earlier stages are prevented

progressing -~ Clmsnormal rate. The time is calculated bdcic

M/Gl, since cell division is the measured parameter.

Figure 3 presents kinetic data obtained in culttirestreated Figure 3

two different chemotherapeuticagents: neocarzimoctarin

(Tobey 1.975)and adriamycin (Tobey et al. 1976). In the culture

treated w?.thhigh levels of neocarzinostatin (Figure 3A), the cells

continued dividing at the experimental division rate for 60 minlltes

following drug addition; thereafter, the cell number did not

increase, and there was even an indication of a decrease in nurnbcr

of cells in the culture receiving the highest drug concentration.

Lower drug ccmcentrationsincom,.etely inhibited cell division, but

the rate of division abruptly decreased commencing at 60 minutes

after addition of drug. Although the rate of progression for—— —

affected cells was dependent on the amount of drug added, tb.etLmc-—.-

intcrval between addition of drug and alteration fn div!.aionrate

waa concentration-independentover a wide range of levels of neo-

carzinostatin. Thus, the terminal point of action for neocarzino-

statin in CHO cellx is located 60 minutes ahead of the M/Gl boundary.
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In Figure 3B are the results obtained whe:;cultures of exponen-

tially growing cells were treated with adriamycin (Tobey eL al. 1976).

The terminel point of action of adriamycin in CHO cells is loccted

1.8~1~0.1 hour~ ahead of the M/Gi boundary.

In similar fashion, the terminal point of action was determined

for a variety of agents which cause cells to accumulate at least

transltoriallyin G2, along with values for inhibitors of protein

synthesis, oxiclativephosphcmylation,and a metaphcse-arrest-inducing

compound (Figure 4) (Tobey et al. 1965; Tobey 1975). i a readily

apparent that the alkylating and intercalatingagents tested caused

the cells to stop in different portions of G rather than at a
2

single stage. The multiple arrest points supper: the notion of

variability of response, 6UgseSLhg a degree of specificity of

interactionbetween agent and DNA.

IMPLICATIONS

Results from a varisty of lai~ratories including our own lend

support to the concept of a dynamic chromosome cycle extending

throughout interphase and mitosis (Nazia 1963). For exam~ie, studies

utiiizing chemical probt:sJucn aa actinomycin and dcoxyribonuclease

(Pederson 1972; Pederson and Robbins 1372), sa?Kosyl-Mg* crystals

(Yamada and Hanoaka 1973; Hildebrand and T(.-ey1973), heparin

(Hildebrandand Tobey 1975; I[ildebrand:t al. 1975), and ethidium——

bromide (Nicolini et al. 1975) all Iudicate a variable state of.—

organj.zationof cnromatin as cellr.traverse the cell cycle. -
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What effects do these c:~angcsin chromatin structure have on

interaction?between alkyLating/intercalatingagents and DNA? Are

different regions of t~.egenome availablz for inrcractim with these

agexts at various stages of the cell cyclP7 While avaikble data do

not provide xnequ’.vocalanswers to these questions, several types

of experiments perhaps bear on the problems raised. If the various

agents studi’:din this report had all reacted w+.ththe D!JAiria

similar f~.shion,one would hav’ expected similar types of lntet-

actions, yielding a comnon response (i.e., arrest of cells at a

cormmm point within G2, etc.). Obviously, the variability i.)stage

ri G2-arrest observed in these studies (summarized in Figure 4)

&rgues against such a simplistic notion; instead, a degree of spe-

cificity of htel”action is ~ug ested. The obsened variability in

response could depend on a multitude of facr.ors,including differ-

ences in primary structure of tileagents employed and the state of

the chroma:in at the time of expmure to drug. Figure 4

Anothe-.line of evidence sugge~ting variability of response

(and presumably variability of interaction as well) is derived fsom

etudics of cell-cycle-specificcytotoxicity as a result of treatment

of wjnchronizedpopulations with DNA-interactiveagents; Addition

of nitrosourea derivatives or intercalatingagents to synch.ronizcd

cult~res yields survival values w:th five- to ten-fold differences

in survival capacity between the most sensitive and least sensitive

stages of the cell cycle (cf., Barranco and Humphrey 1971; Bhuyan

et al. 1972; Klm znd Kim 1972; Drewinko et al. 1973; Barranco-—

et al. 1973).—-
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The variahilit.yin survival is probably not attributable

❑erely to differences ir.the total amount of agent bound to the

entire genome at diffcrcn: stages of the cell cycle. IiIthis re-

gard, studies with synchronizedmouse L cells by Xalker (1966)

revealed that, even th~ugh cells in G2 were approximately ten tJ.aes

mre resistant to the lethal effects of the alkylating agent r.ul-

fur mustard than cells in S phase, nevertheless, the total mount

of mustard bound pzr unf.tof PYA was Identical in the twr popula-

tions.

We suggest the speculative possibility that part cf the varia-

tion may be attributable to the configurationof .hromatinduring

the period of exposure to a DNA-interactiveagent. That is, access

of such agents to s?.tes within the genome prcducing l.~hality may

‘mry throughout the cell cycle. Aa a coroilary to the atcve, dif-

ferences in the organization of r.hromat~.nin Pyzling and arrested

cell populations (cf., Pederson 1972; Hill and Baserga 1974) could

play an important role in the efficacy of therapeutic regirnenz

involving DNA-interactiveagent?.

Finally, a questicn ari~.esconcerning possible biochemical

mechanism~ which might bring about alterations in chromatln struc-

ture during the cell ~ycle. Several lines >f evidence suggtist

that reversible p?losphorylationof .listonesreprescn~~ a major

avenue for ❑ovulating chromatinlgenomesLructure (Allfrey 1971;

Bradbury -md Crnw+obinson 1971; Adler et al. 197L, lq7Z). Our

own studies (Gurley et al. 1974, 1975; Hohmann et al. 1975)

demonstrate that, during progression through interphase and
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mitosis and coincident with chromatin organizationalchangss,

hiatoncs are phosphorylqted in a highly ordered manner, exhibiting

specificity for position in the cell cycle as well as specificity

for both the amino acid resi4ues and the ~cgion of the molecule

phosphorylated. Figure 5 presents a partial summary of biochemical

events in the CHO cell cycle and illustrates the coordination of

hist~ne phosphorylationwith changes in chromatin organiza~ion. F@Irk 5

IE vie.vof our fiudings and similar studies by Marks et al.

(1973) and Uradbury and associates (1973, 1974), wc consider the

orderly progression of speciiic histone modifications to play an

essential role in the structure aridfunctiun of chromatin as cells

progress through t!.zCC!I cycle. The Interrelatioi,s!:lpbetween

these two processes pocsibly may one day provide a target for

chemotherapy.

.
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Figure 1. DNA-lipid-proteincomplexes in synchronized CHO cells.

A, Cells were ❑aintained for 34 hour~ in ❑edium contain~ng

0.006 pCi/ml of
14
C-thymidine (to label the DNA) prior to mitotic

selection (Tobey et al. ;967); then these synchronized cells were

resuspended in label-f~ecmedium in spinner culture. Aliquots

were r.vnovcdat varying times thereafter,and the amount of old,

prelabelcd DNA associated with lipid-proteinin sarkosyl crystals

was determir,d as described previously (Hildebrandand Tobey 1973).

3~F adflAtion,the fraction of cells incorporating H-thymidine into

DNA during a 15-minute pulse at

radiography in a non-prelabcled

B, CcllS with DNA prelilbcledas

2 pCi/ml was determined

culture synchronized in

~bovc were synchronized

selection, then resusper,d~wlin fresh label-frcumedium.

via auto-

parallclm

by mitotic

Onc hour

with ‘11-thymldlnt:(i.e., rr-IL:~OIIof L.LI]]si;lS ph~s~), illld di:lmonds

F’* dlvld(.dfyil[:tl~ln (N/N.rcprcHent .,it - 1 S?UCli Lh/lL fl populiltlon

Joubling would uppl~.lru,q‘m ln~.--nst’I“rom0 tu 1.0 on the scnlc

provided).
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F@ure 2. l{cparin-mediatedrelease of dccondensed DNA from nuclei

of synchronizedCIIOcells. A, Cells, prelabcled and synchronized

as in Figure IA, were resuspended in label-free❑edium and, at

Intervals thcreaflvr,aliquots were removed, n“ticleiwere isolated,

and Lho concentrationof heparin required uo relea~e 50% of the DNA

was determined in the manner described prev~ou+:ly(!iildebrandand

Tobe: 1975). The 31{-ttlymidine-labeledfructiun w~s detr’,uinud

auloradlographicallyfrom aliquots taken from a non-prelaheled

culture synchronized in parallel.. B, CC~lls,pr-labuled and

~ynchro”Izud as in Figure IB, were washucland resuspended in fresh

labrl-flew’m,’cllum.AilqUOt~ were rcmovr.d3L inturvnls Llmrmftc”r

for dut.?rmin;itl~m }: tll~’ c~’ilnuml]i~r and con~’.1ntraLiltll of ll~~pnrin

rcquir~v.1tIIrt~lciisc! XJ.y of the DNA irom CIIU IJUI-lCI. Svmbo.lsaro

ns In Flgurc 1.
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Figure 3. Determination of the terminal point of action for neo-

carzinostatinand adrimycin in asynchronous cultures of CHO cells.

A, An exponentiallygrowing culture was split into four allquocs.

At time 0, onc culture received no drug and served as the control

(circles). Neocarzinostatinwas added to tlm uLhcr cuitu:cs,

yielding final concentrationsof 50 pg/ml (triangles).400 pg/ml

(diamonds),or 1,000 pg/ml (squares). B, Cultures of exponentially

growing cells were treated with drug as above, yielding adriamycin

concentrationsof 0.5 vg/ml (diamonds),1.0 pg/ml (squares), or

2.0 vg/ml (triangles). A fourth culture served as the drug-free

control (circles). Cell number dutcrminationswere made with an

electronic cell counter. For experimental dct.ail.s,see Tobcy (1975).
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Figure 4. Drug-mediated arrest of progression at different stages

of G2 and mitosis in asynchronous cultures of CHO cells. The

terminal point of action was determined for each agent, as in

Figure 3. Drugs used were CLZ, chlorozococin; STZ, streptozotocin;

ADR, adriamycln; MD, actinomycin i);MNU, l-trans-(2-chloroethylJ -

3-(4-mcthylcyclohexyl)-l-nitrosourea (Ne-CCKU); 13LM,bleornycin;

CNU, l-(2-chlorocthyl)-3-c;’clohexyl-l-nitrosourea (CC?Xl);BNU, 1,3-

bis(2-chloroethyl)-l-nitrosourea (BCNU); NCS, neoczrzinostatill;

CHM, cycloheximide; PIJR,purcnycin; CND, Colcemid; AYA, antimycin A;

DNP, 2,4-dinitrophenol; RTN, rotenone; and OLG, oligomycin. For

detai:.sconcerning G2-inllibitury agents, see Tobcy (1975) and for

information concerning mitotic-inilibitory drugs, set’Tobey et al..-.—— .

(1969).
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Figure 5. Tempoxal sequence of biochemical events in the CHO cell

cycle. (Reprinted with permission from University of Alabama Press,

Tobey et al. 197b.)
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